The red raspberry (Rubus idaeus L.) is widely distributed in Lithuania and occupies a range of habitats. The presence of coadapted gene pools in local populations of R. idaeus is a question of interest not only to plant scientists, but also to plant breeders. In this study, we investigated the genetic structure of R. idaeus and the influence of local habitats on the genetic diversity within and among populations. Nineteen populations of R. idaeus were sampled from different habitats in various agroclimatic subregions of Lithuania, and analyzed using RAPD markers. 113 RAPD bands were identified among 315 individuals; 84.31% of these were polymorphic. The mean values of Shannon's information index for different populations ranged from 0.341 to 0.455. Nei's gene diversity established within populations averaged 0.266. An AMOVA revealed 74% of genetic variation among individuals within populations of R. idaeus, and 23% among populations. The remaining genetic variation was distributed among populations from different agroclimatic subregions (3%). The results of this study suggest that the genetic structure of R. idaeus populations in Lithuania may be influenced partially by isolation by distance as well as by local environmental conditions. © Versita Sp. z o.o.
Introduction
The red raspberry (Rubus idaeus L.) is a wild relative of the cultivated raspberry and an excellent model for the study of plant adaptation to ecological conditions because it shows a wide geographic distribution and considerable ecological and morphological variation [1] [2] [3] . Red raspberry is a clonal, perennial plant that also reproduces with seeds. Recent studies have used a variety of molecular markers to analyze the genetic diversity among clones, cultivars and populations of red raspberries [4] [5] [6] [7] [8] [9] . Rubus idaeus has also been suggested as a model species for the Rosaceae family [10] . Despite a growing number of publications on the red raspberry based on morphological, RFLP, RAPD, AFLP and SSR analyses, some aspects of the genetic and ecological differentiation among populations of this species remain unclear. An important question is the impact of local ecological conditions on the genetic differentiation among red raspberry populations. Additionally, the remarkably narrow genetic base of Rubus cultivars has prompted a search for new raw materials for breeding programmes. Therefore, acquiring information about the genetic structure of wild populations as new sources of plant diversity and economically valuable traits is an important issue not only to plant scientists, but also to plant breeders [11] .
Red raspberries are widely distributed in Lithuania and play a considerable role from both an economic and an ecological standpoint. In Lithuania, red raspberry populations are located across varying habitats, which differ with regard to ecological factors such as soil properties, light and water, among others [7] . Previous studies on the genetic diversity of R. idaeus in Lithuania have been performed on collection of red raspberry clones and a small subset of wild populations [12] [13] [14] . In the present study, we extend previous work on wild populations by adding eleven populations to the dataset, The genetic structure of red raspberry (Rubus idaeus L.) populations in Lithuania which come from more diverse ecological environments than previous populations. We also assess the impact of agroclimatic regions and habitat properties on the genetic structure of Rubus idaeus populations. Figure 1 ).
Experimental Procedures
There are three agroclimatic regions and seven subregions in Lithuania [15] . This subdivision is mainly based on temperature ranges and humidity, which depend on geographical factors and local relief ( Table 2) .
The populations studied were differentiated according to their habitats and other geographic variables such as longitude, latitude and altitude. The fragmentation and the size of a population were not considered in this study. Geographical distances between populations ranged from 100 m to 343 km. Nine to 23 samples were collected within each population. We sampled sites at distances varying between 30-50 m to avoid the possibility of collecting clones of a plant already sampled. 
DNA extraction and PCR amplification
We extracted the DNA from plant leaves by using a genomic DNA purification kit #K0512 (Fermentas, Lithuania A negative control sample containing all components of PCR mixture except the genomic DNA was included to insure that no contamination occurred. We used eight preselected decamer primers of an arbitrary sequence. Six of them were purchased from Karl Roth Ltd (Germany) and two of them (P1, MP4) were from Biomer.net (Germany) ( Table 3 ). The amplification products were resolved by electrophoresis in 1.5% TBE agarose gel (4 V/cm). DNA fragments were stained with ethidium bromide and documented under UV light using the BioDocAnalyse system (Biometra, Germany). We only scored clear and reproducible DNA bands which were observed in the RAPD phenotype of the same individual in at least two independent experiments. The size of DNA fragments was determined according to the molecular-size standard GeneRuler TM 100 bp DNA Ladder Mix (Fermentas, Lithuania) using BioDocAnalyse Image Acquisition and Analysis software (Biometra, Germany). To increase the accuracy of the band scoring, RAPD phenotypes of up to 4-5 individuals of different populations were analyzed side-by-side in the same agarose gel.
Data analysis
RAPD data were scored as the presence (1) or absence (0) of a given amplification product in each genotype. A resulting binary matrix was used to calculate Nei and Li's [16] genetic distance coefficients. Genetic distance matrices were computed from polymorphic RAPD loci (bands). The absence of RAPD band in the RAPD phenotype of individual plants was considered as null allele of certain RAPD locus. An UPGMA dendrogram was constructed based on molecular data with the program TREECON [17] . The confidence of dendrogram branches was determined by bootstrap analysis (B=1000 replicates). raspberry populations studied (numbered 1 to 19) and the different agroclimatic regions of Lithuania [15] . Locations of the sites from which the populations were sampled are indicated by circles. Table 2 . Characteristics of agroclimatic regions and subregions where populations of R. idaeus were sampled [15] .
* 1 -low, 2 -medium, 3 -high
Intrapopulational genetic diversity was evaluated using POPGENE version 1.31 [18] . We calculated the percentage of polymorphic loci (P, %), Shannon's information index (I) [19] , Nei's gene diversity (h) [20] , and the genetic distance among populations [21] . The correlation between the molecular genetic distance matrix and the geographical Euclidean distance matrix was estimated using STATISTICA 7 (StatSoft, Inc.). To evaluate the degree of genetic subdivision among populations, we calculated Nei's [20] coefficient of gene differentiation G ST . A principal coordinate analysis (PCoA) [22] , an analysis of molecular variance (AMOVA) [23] and a Mantel test [24] of the significance of partitioning of RAPD variation were performed using GenAlEx v.6 software [25] .
Results

Genetic diversity
113 reproducible RAPD bands were identified among 315 individuals of 19 red raspberry populations using eight RAPD primers. 96 RAPD bands (84.31%) were polymorphic. The size of the DNA fragments ranged from 390 bp to 3100 bp (Table 3) . Population specific bands were identified for the populations of Salos (470-8 1000, 1800, 2500 ), Dieveniškės (270-1 720 , 380-6 700 ), Melekonys (470-8 390 , 470-8 700 ), Zokniai (380-6 1300 ), Margiai (380-6 1900 ), Šiulgos (MP4 1750 ) and Nemirseta (380-3 1300 , MP4 2000 ) ( Table 4) . Population specific null alleles were identified in samples from Salos (470-8 1000, 1800, 2500 ), Margiai (380-6 1900 ), Šiulgos (P1 800 ), Anaičiai (MP4 650 ) and Rokai (270-6 900 , 470-8 850 ).
On the basis of 96 polymorphic RAPD bands, Nei and Li's [16] genetic distances were calculated among all studied raspberry genotypes, and an UPGMA dendrogram was generated (Figure 2 ). The dendrogram showed that all the red raspberries collected were genetically different.
The average Nei and Li genetic distance among individuals of given populations was 0.267±0.034 and ranged from 0.196 in the Zokniai population to 0.329 in the Salos population (Table 4) .
Lithuanian populations of red raspberry included in this study showed different levels of intrapopulational genetic diversity (Table 4 
Genetic structure of populations
Genetic structuring was apparent among populations. An AMOVA revealed that 26% of the total genetic diversity occurred among populations (Φ PT =0.258) and 74% among individuals within populations (Table 5) . A slightly higher level of interpopulation genetic diversity was shown by the gene differentiation coefficient G ST =0.297. We also assessed the level of genetic differentiation among populations from the different agroclimatic subregions of Lithuania. An AMOVA revealed a low but significant level of differentiation among populations from these different subregions (3%, P=0.001).
Estimates of Nei genetic distance [21] between pairs of populations varied between 0.045 (Salos and Ilgiai) and 0.285 (Margiai and Dieveniškės). The average genetic distance among the populations studied was 0.177±0.04 (data not shown). Geographical distances between the populations ranged from 100 m (Baltoji Vokė and Melekonys, Šiulgos and Margiai) to 343 km (Dieveniškės and Nemirseta). Genetic distances among pairs of populations correlated with geographical distances (r=0.232, P=0.002).
The populations included in this study were located in ecologically different habitats. Some populations occurred in peat bogs and dunes, whereas other populations were situated in polluted military areas and in shaded areas of forests (Table 1) . We also studied the genetic diversity pattern of populations situated close to each other, but in ecologically different habitats. The highest level of genetic divergence showed population from the Melekonys forest and population from Baltoji Vokė, which was colonizing an unexploited part of a peat bog. 
df -degrees of freedom, SS -sum of squares, MS -mean squares, % -proportion of genetic variability, P -level of significance
populations. Two Melekonys population-specific loci were detected (Table 4 ). The PCoA in Figure 3 shows also the differences in allele frequencies of these populations.
Discussion
RAPD markers are a useful tool for studies of genetic diversity and for determining the genetic structure of plant populations [26] [27] [28] [29] . However, like AFLP and ISSR markers, RAPD is dominant marker type and the estimation of genetic diversity using these markers must assume a Hardy-Weinberg equilibrium [30] [31] [32] . This limitation of RAPDs (and other dominant markers) can be overcome with the use of an AMOVA [23] , which makes no assumption about Mendelian gene frequencies and is based on the analysis of pairwise squared Euclidian distances [33] [34] [35] . In contrast with RAPDs, microsatellites (simple sequence repeats) are highly reproducible, co-dominant and very suitable for studies of population genetics. However, the deficiency of heterozygotes due to the occurrence of null alleles is a potential drawback of microsatellites [30] . In spite of some drawbacks of RAPDs, the correlation between RAPD and microsatellite variation patterns has been established by many authors [8, 30, 32, 36] . Genetic diversity studies in red raspberry populations have revealed a high level of DNA polymorphism in this species [4, 37] . The same tendency has also been observed in Lithuanian populations of the red raspberry; in a pilot study on the genetic variation of Lithuanian populations, the average level of DNA polymorphism within populations was 70.64% [13] . In the current study, which includes eleven additional populations from all agroclimatic regions in Lithuania, an average of 76.26% of RAPD bands per population were polymorphic. In a study of DNA polymorphism of R. idaeus from different sites in the region of Tayside (UK), 58-87% of RAPD bands were determined to be polymorphic [37] . The polymorphism of red raspberry populations from Lithuania is similar to the polymorphism in perennial outcrossing plant populations whose seeds are dispersed by animals [38] [39] [40] . Nei's gene diversity is also similar to the average values reported by Nybom and Bartish for outcrossers (0.260) and long-lived perennials (0.242) [28] . The relationships among individuals and populations sampled in this study are summarized by a UPGMA dendrogram (Figure 2 ). Individuals within each population sampled were genetically different, and the genetic distances among red raspberry plants of separate populations were high. Our results show that the spread of clones is limited within populations of R. idaeus and suggest that sexual reproduction is important in red raspberry populations. Conversely, individuals of some populations form distinct clusters (e.g. Zokniai, Baltoji Vokė, Švarcgiris, Rokai, and Anaičiai), which suggests that the processes of pollination and dispersal occur mainly within populations. Similar results were obtained by Graham et al. [8] in a study of red raspberry populations in Scotland: cluster analysis showed a clear grouping of individuals from the same geographic location in the dendrogram. In our study, the AMOVA showed structuring of Lithuanian populations of R. idaeus. This technique permitted a partitioning of the total genetic variation into three levels (Table 5) . Although the greatest proportion of the total variation was found within populations (74%), a significant percentage was also present among populations (23%). The remaining genetic variation was distributed among agroclimatic subregions (3%). When all populations were grouped together, 26% of the differences were established among populations. The gene differentiation coefficient showed even higher levels of genetic diversity among the populations studied (G ST =0.297). These results are consistent with those of other studies and suggest that mixed and outcrossing plants retain considerable genetic variability, and that most of the genetic variation is found within populations [28, 41] . Overall, our estimates of population differentiation are comparable to those published in the literature [8] . SSR markers used in the study of Scottish red raspberry populations also showed significant genetic differentiation among populations (F ST =0.348). The authors of this study suggest that high levels of genetic differentiation within wild raspberry populations could be partially explained by the absence of an overlap in the flowering period, limited fruit set, and poor seedling establishment [8] . These factors are likely to also influence the structuring of Lithuanian raspberry populations.
The level of genetic differentiation among populations from different agroclimatic subregions was low but statistically significant (3%, P=0.001). Several authors have previously reported differentiation among populations of various plant species caused by ecological factors and established using RAPD markers [34, [42] [43] [44] . Some environmental factors are known to cause isolation and genetic drift in plant populations. For instance, Graham et al. [4] reported that wild raspberries form discrete, often spatially separated populations that are adapted to local conditions, which may lead to reproductive isolation without a geographic separation [4, 37] . As such, local adaptation may be important in the process of differentiation among wild raspberry populations. However, in our study, there was no clear evidence of genetic divergence at the level of agroclimatic subregions as the estimate of differentiation among Lithuanian populations from different subregions was very low (3%).
Genetic distances among Lithuanian red raspberry populations were positively correlated with geographical distances (r=0.232, P=0.002). This relationship is frequently found in outcrossing plants [28] , and suggests that isolation by distance may affect genetic differentiation among populations. Isolation by distance occurs when gene flow decreases with increasing distance between populations [45, 46] . Recent studies indicate that gene movement by pollen and seeds is relatively limited between red raspberries populations [4, 8] . Figure 2 indicates that most adjacent populations are clustered together (e.g. Ilgiai and Salos; Margiai and Šiulgos; Nemirseta and Anaičiai). An exception to this pattern is the two populations of Melekonys and Baltoji Vokė. In spite of their adjacent locations (100 m apart), these two populations are situated in ecologically different habitats. The genetic differences between these populations confirm the results of the PCoA (Figure 3) and the presence of different RAPD alleles (Table 4 ). This result suggests a possible role of ecological factors in creating an isolation among the populations studied. The present results support earlier observations by Graham et al. [37] . These authors showed the influence of local environmental (spatial) conditions on the RAPD polymorphism of R. idaeus in Tayside, Scotland (UK). Phenological observations from the Melekonys and Baltoji Vokė populations suggest that there exists some asynchrony of flowering time between these two populations: plants in the Baltoji Vokė population usually blossom earlier in the year. This asynchrony can be caused by different light regimes as well as other specific ecological conditions within the habitats of these two populations. The habitat of the Baltoji Vokė population is characterized by good lighting, as well as good soil and moisture conditions. Conversely, plants of the Melekonys population grow in the shade of dense forest trees (mainly Scots pine and juniper) and in a soil of poor quality. The latter population is also situated about 20 m higher in altitude than the first one. Graham et al. [4] noticed how distinct the R. idaeus populations are in Tayside, Scotland, even those populations which are separated by as little as 10 or 100 m. Some studies have shown the possible adaptive role of RAPD polymorphisms [29, 44, 47] . Our results (presence of specific RAPD loci, results of principal coordinate analysis and UPGMA analysis) also suggest that the genetic differences between the Melekonys and Baltoji Vokė populations can be caused by environmental factors, which may reduce the gene flow between populations. On a larger scale, we also assessed the genetic differentiation among populations occupying different habitats. Populations in two main types of habitat were compared: in the forest and in open areas. However the results of the AMOVA did not reveal a significant level of genetic differentiation between these populations.
Natural populations of R. idaeus can be considered a source of genetic diversity for plant breeding and the conservation of genetic resources [3, 10] . However, successfully introducing genes from wild relatives to cultivated plant germplasm will require a detailed exploration of the genetic structure of wild populations. Our study of Lithuanian red raspberries identified significant genetic differentiation among native populations and the presence of population specific RAPD bands. This study also suggests that ecological factors may play an important role to the genetic diversity of the populations studied. However, further work is required to assess the adaptive role of known RAPD loci and their value for breeding red raspberries.
